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The green fluorescent proiein is ihe ultimate source of 
fluoxescent light emission in the jcUyfish Aequorea 
victoria. GFP has been cloned', leading to iis wide- 
spread use as a marker for gene expression and as a 
protein lae, both in cell culture and in multicellular 
o^ganisms"^ GFP absorbs blue light ai 395 nm; its 
excitation in jellyfish has been proposed to occur by 
radiative energy transfer from the photoproiein aequorin\ Wld- 
type GFP has a fluorescence emission maximum of 510 nm. The 
proiein is easUv isolated, very stable, and forms crystals which 
diffract to 2.2 A resolution-. 

Another naturally occurring green fluorescent protein has 
been four.d in the sea pansy Renilla renifcrmis. AlihcL^h ±c 
t^enilla GF? s-ir.e has rioi ye: been characterized, tr.e prote'.n h^s 
been studied'' in some detail. The emission spectrum of this 
protein is almost identical to that Aequorea GFP. However, the 
two GFPs arc easily distinguished because their excitation max- 
ima are red-shifted by over 100 nm, from 393 nm in Aequorea 
GFP to 498 nm in Renilla GFP. There is strong evidence that 
Renilla and Aequorea GFP cany the same chromophore*. 

A putative GFP chromophore sinicmre (Fig. I) was 
described in 1979. and has since been modified' This sirucmre 
is unique amongst chromophores. comprising a cyclic tnpepiide 
sequence, serine-dehydrotyrosine-glycine, which is covalenily 
linked through the protein's peptide backbone. The mechanism 
of diromophore formation is unknown, but oxidation of tyrosine 
to dchydroiyrosinc is probably essential. 

The methods used for the consiniaion of spectrally shifted 
GFP mutants have been successfully employed in the past"-* to 
produce a variety of spectrally diverse bacteriochlorophyll-bmd- 
ing proteins using optimized combinatorial mutagenesis and 
Digital Imaging Spectroscopy (DIS). DIS enables simultaneous 
screening of thousands of colonics directly on pctn dishes by 
acquiring spatially resolved spectral information'^ Images of 
petri dishes, illuminated at different Nwivelengths. arc capnired 
by a charge-coupled device (CCD) camera and further proc- 
essed by software establishing radiometric calibration. Usmg 
optimized combinatorial muugenesis and DIS. wc describe the 
construction, isolation and fluorescent propenies of several red- 
shifted GFP mutants. 



Results . ^„ 

Combinatorial Ubrary screening. The region of GFP tar- 
geted for mutagenesis is the 6 amino acid sequence betN^ecn 
phenylalanine (A and gluumine 69 (FSYGVQ) which includes 
the ihromophore itself. A mutagenic oligonucleotide (see 
Experimental Protocol) was designed to fevor the incorporation 
of an aro'matic amino acid at position 66 and to fully randomize 
the other five codons. The mutagenic PO"jo" 
cieotide includes the sequence: NNK NNK TDK NNK NNK. 
where mixed nucleotides arc denoted by N (all tour nucleo- 
tides). K (G and T). and t) (A. G and T). The sequence of the 
olieonucleoiide eni^loved for mutagenesis \^as obtained usmg 
Cv^or^oce z^'^' prc:nir:"^ This scn-^^are esuir- 
iishes'a ubie of all pcssible ccoon nucle-.^Cice mixrares (cr 
dopes) and calculates the frequenc>' at which the corresponding 
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(48)CTTGKLPVPWPTLVTTFSYGVQC(70) 

FIGURE 1. Structure of th« GFP chromophore and nearby 
sequence. The tyrosine residue shown In the sequence is actu- 
ally the dehydrotyrosine component of the ch<wnophoi^e. Tne 
tryptophan lesidus is thought to interact with the chromo- 
phore by energy transfer. 
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FIGURE 2. Pitudocolor Inwgt showing coloniM of £ oolfc 
(A) not expwtsing GFP, (B) oxpfOMing wlW-typ* GFP. and 
(C) oxprtssing m red-shifted oxdtation mutant of GFP. 

amino acids will be encoded. The program then compares die 
table wiUi a set of amino acids specified by die experimemcr and 
outputs the codon nucleotide mixtuK which approximates thai 
subsc: most closciy. Therefore, doping schemes can be foimu- 
laied ^A hich encode specific subsets of amino acids and exclude 
cihcre. This maximizes the efficiency of semi-random muta- 
genesis, as selected dopes can be introduced into a random 
sequence to increase the probability of obtaining functional 
mutants'*. For example, the probability of encoding tyrosine in a 
random codon mixture (e.g.. NNK) is 0.03 compared with 0.17 
from the optimized codon (TDK), in which TAT encodes TVr. 

The mutagenic oligonucleotide was used mth a second 
primer (see Experimental Protocol) in an inverse PGR muta- 
genesis scheme'^. Plasmid pTU58 is a pET3a derivative 
expressing GFP under the control of a T7 promoter*. The 
linearized plasmid was amplified in a PCR using both primers. 
The PCR products, which all incorporate the sequence of the 
mutagenic oligonucleotide, are circularized by ligation and 

TABLE 1 . Red-shifted GFP sequences resulting from combin>- 
torial mutagenesis near the chromophore. including tyrosine 
66. Wild-type Aequona GFP and Aenifto GFP chromopeptide 
sequences are also show n. ^ 
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transformed into E. colL The resulting library of approximately 
3 X IQ' mutant GFP gines was expressed in BL21 (DE3). Thou- 
sands of colonies on petri dishes were screened b>- fluorescence 
using DiS. The spectrally shifted mutants were inmaily identi- 
fied bv- their green fluorescence obser^'ed when excited with 
490 nm light, which disappears when excited at 410 nm. In 
contrast, wild-type GFP fluorescence is much bnghier with 
410 nm illumination. DIS revealed that approximately one in lir 
colonies expressed a fimctional fluorescent protein. 

Several red-shifted GFP (RSGFP) clones were picked and 
sequenced (Table I). T^^ and gly*' appear id be conserved 
while die other four positions are less stnngent; sei*' is not 
necessary for the observed phenotypc. Substitutions involving 
chained residues or aromatic residues were not obscrval in inis 
limited data set, in contrast widi the wild-type Renilla GFP 
hexapepiide sequence". To verify that the combinaional muta- 
tions were die cause of die red-shift, RSGFP4 wis reconstnicted 
by subcloning a 220 bp sequenced fragment of die mutant gene 
into a wUd-iype GFP expression vector (pTU58K). The result- 
ing construct has dw same spectral properties as die ongina^ 
RSGFP4 isolate, confirming diat die mutations shown m TaDie i 
cause die red-shifted phenoiype. This sequence information will 
be amenable to ftinhcr manipulation by Exponential Ensemble 
Mutagenesis (EEM) and Recursive Ensemble Mutagenesis 
(REM) strategies'", poicndally to produce a 'rainbow o 
multispcctral fluorescent proteins. Specifically, we expect mai 
by constructing new combinatorial libraries optimized o> 
REM or EEM, die frequency of functional mutants will be higr 
enough to allow die isolation of rare clones with significan 
emission shifts. . , . 

Spectral characterization of mutants. As a prartical oem 
onstration of die spectral separability of GFP and RSGFP. ai 
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KGB (pscudiK:olor» muigc (Fig. 21 uas gcncnucd h>' DIS. A 
S SI Mrc Acd w..h .hrcc strains £- r«^. exp|c>«.«e 
K i non-functional GFP mutant. (B) 
nni /r^ RSGFP7 In this pscudocolorcd image, fluorescence 
teen loaded into the red and green ehannels a,- an 

S^in^ has been K.dcd '>'"Vrb'^^^^ 
fluunLeence inwccs wcrj captured using a 5J0 nm oaMpa.s.s 
SSS^S^cSSn eitherat4l0 nm (-green channel) or 470 nm 

rS- chlScn These thiec monochrome images wre com- 
bi^iSZbURGB image asdcscribedinAcExpenmcmal 

^LofPtion speanim of partially purified RSOFM pro- 

J^Ts^ well as its A^o-f'-" 
^^soectra (Fig. 3A). are very similar to that of Rmi/to 
SS?Tte^S««5ce excitation and emission maxima of 
SoFpTJe^Wmn and 505 nm, itspectively, as seen m 
rSa Whne STemisskm of RSGFP4 is ""rly^"^ 
of wild-type GFP (Fig. 3B). the exataum spectia arc 
veiy different. 

'"S^^IIilatcd RSGFPs which are easUy distinguish«i 
«nm unU^Mc GFP because their excitation maxima are rcfl- 
Sd^St S STfrom 390 nm in wild-typc Ae<,uor^ 
G^ 490 nm in RSGFR The spectnJ P^f ?^ 
dScd mutants arc very similar to those on?««/ifl GFR corrob- 
o^olc idea that A:quor,a and RenUla GFP have Kiemical 
S,pto^. One might hypothesize that the mttfoenvinm- 
SfSffiGFP chromophore may have b«ome less acd^^ 
deprotonated form of the chromophore the pn^onu- 
MmSoitlitt species. This v«)uld be in line with chromophore 
So^perinEits on wild-type GFP showing a c,«rtn.ns - 
tion from mxhnal absorption at 3W nrn to^O nm as pH« 
iireased'. A biochemical and biophyswal fvesugauononhese 
;;SS^hould clarify the exact molecular basts of the observed 

.'•^'Shown that recombinant GFP with fluorescence 
i CxdStl^S emission spectra identical to that of the r^r^c 
iJSeincanbeexpressed ina wide variety of organisms ind d- 
ing: bacterial cells, Caenorhabdms e egarv. Aabl's 
nlotession of the protein from heterologous prom.tcre cnabL. 
! S3 SSle timing of gene expression without M"'- 
I mem for addition of exogenous substrates. TIib is exemplified 
• excess on of GFP under the comA of a heterologous 
l^^^^JTnirns of the worm C. '^'i'^J^^^ ^ 
i&cUiUting the analysis of gene expression, *e Pf'J*"* °' 
iStanprrteins comprising GFP and a protem of interest may 
/SKingof the protein « vivo in transparent organisms 

such as the zebra fish or C c/egan^- , • 

cSS^ressionofGFPandRSGFPwillenabletiK^^ 

tvw proteins or promoters per ceU or oipmsm. The fluores- 
^Tmagery shown in this workdemonstnitestheto*^ 
^Tscpamting these d'ff^'-™ •^8sJJ« "J^ u 
rSe warSyze gene expression cai««les, mom«» ttee^ 
SLgs on the expression ofarange of pit^msj*^^ 
or to stoutoneously track inore than one pt«ein withm a living 

*Tte* been repotted that GFP fusion proteins can be 

«preS in DrosoVhila n^l^oga^ 'V^J'Z^Tour 
deLuible in thinsections following forrnaWehydefimon^^^^ 

macrtKCopie imagery of colonics expressing GFP »«d 
on pSdishes is spectnlly analogous lo the Problem rfn^ 
ine Aese two tags in microscopic images. RSGFP and «ner 
sSarable derivatives of GFP should therefore be of 
micn»copy. flow cytometry, and fluorescence 
cefl sotting using modular flow, dual exc.ut.on lech- 
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ciriinP a (A^ Fluorescence excitation and emission spectra of 
wiW-type GFR 

nnthnal for Argon ion laser excitation ai 489 nm. In the future. 
Sirii^S^U be engineered to resfK^nd to intn«e^^^ • 

ion concentrations and other small molecules. 

England B'°'^tK'.jsB (Clevefan'S' OhV'o?. doublc-s.rar.ced i.r.- 

JombiMwnal library *as e ,p^^^^ 

M. Chalfic) expresses high levels ™ °J rJ^T™^^ by an Inverse 

site was engineered in pTU58o> ,vnc GFP To 

.siicw**«i 5 r . . Q 5 express wild-typc orr. i" 
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PEPTIDES 

Quality Synthetic 
Peptides 
Any Quantity! 



For further information on our full range 
of Peptide services contact: 



i^^i-cM^ W Tel: 1+44] (0) 117-925 4141 
SYSTEMS j^^j 1 1 7.929 742O 

PO Box 99, Westbury-on-Trym, Bristol. BS10 5NU, UK. 
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package contains supporting book(s) and software 
which simulates practical problems and decision making 
in aa industrial/laboratoiy environment* 



Further information available from: 

Greenwich Univenicy Press 

Unit 42, Danfoid Trade Park 

KawkyRoad 

Danfoid Kent DAI IPF 

Tek 0181 331 9600 Fax: 0181 331 9672 



The ligation proJuct was uscJ lo irjnNtorm hL:i iDI.'m. i.aiuu.rnuiu- 
Mvrc analysed h>- OLS. as dONcnbcJ bcL^ ... 

Diciu'l Imauini; Spectroscopy, Plaio> (LU**"^) wuh cuion> Jciimucn 
fancinc from 100 ui 900 colonies/plate were groNfc-n wcr-nighi ai 37 'C. 
Vfe haSc observed that higher levels of Huorcsccncc require aging the 
plates at room icmpcraiurc for an addilionai 24 hours Digiial Imaging 
Spectroscopy utilized the KAIROS Scientific Inc. G,tonyhiat:er (San 
Jose CA) as prcvitwsly dCNCribcd in applicaiion.N tm oiher gcnciicallv 
allCfed picmcm-protcin svstems. Such meihodology has been recently 
mviewed'^^'* Using the Colonyltwf;cr, three 16-bit monochrome images 
acQuired for Figure 2: blue channel - 0.2 second exposure (absorb- 
ance inwgc) at 650 nm. grayscale values of 876 lo 2365; gran chuinel = 
30 second exposure, with 410 nm excitttion (bandpass) and 510 nm fluores- 
cence emission filler (bandpass), grayscale values 57 to 305; red channel 
■ 30 second exposure with 470 nm exciution (bandpass) and 510 nm 
fluorescence emission filter (bandpass), grayscale values 43 to 577 All 
bandpass filtere are of the Fabry-Pcrot type with 10 nm widih-at-half- 
heifihtA dark frame was subtracted from each image to correct for dark 
counts* To make the RGB (pseudocolor) image, the three images were 
thiesholded to their lowest grayscale values, contrast eijhanccd on a 0 to 
iSmge (8 bit) and combiSed to foim the 24 bit color image. CyberDIS 
SwwTcKAlROS) was used to optimize the selection of a palette of 

^Inuorimetry. Protein samples were obtained by French pressing 
250 mL of a 48 hour culture (grown at 37»C in LB containing ampiciUin 
loMg^mL) in lysis buffer^. Cell debris w» pelleted by "ninfugation and 
the supemaum brought to 35% saturated ammoniurn sulfate (AS). This 
solution was ccntriftigcd and the supernatant (contaimng GFP) brought to 
70% AS GFP was pelleted from the resulting solution by ccntrifugation 
and solubiUzcd in 5% AS. The protein was dien applied to a G-50 
sephadex column. The peak fraction was used for fluorescence spcctros- 
c5y. Exciution and emission spectra (Fig. 3) were !f 
Tihnology Inc. fluoromctcr. Wild-type G/Pj^ «cited a 395 nm and 
emissiontis measured at 510 nm. Muum RSGFP4 was excited at 470 nm 
lai520nm. 
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